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Liquid separator for a gas analyzer and method for separating 
a liquid component from gas 

The invention relates to an apparatus and a method for separating 
5 a liquid component for example from a patient's exhalation gas to be delivered 
to a gas analyzer, said apparatus comprising a first passage, wherein the ex- 
halation gas coming from a patient is delivered and wherein the inflowing gas 
is divided into two components in a manner that some of the gas flows to a gas 
analyzer and some of the gas, as well as a liquid component possibly en- 
10 trapped in the exhalation gas is carried away past the analyzer, a second pas- 
sage, through which a patient's exhalation gas flows from the first passage to 
the gas analyzer, and a gas permeable wall, which separates these passages 
and through which the gas flows from first passage to second passage. 

15 BACKGROUND OF THE INVENTION 

In anesthesia or in intensive care; the condition of a patient is often 
monitored e.g. by analyzing the air exhaled by the patient for its carbon dioxide 
content. Therefore, a small portion of the exhalation air is delivered to a gas 
20 analyzer. This sample often cames along to the analyzer some water vapor, 
which condensates into droplets, and also some dust, mucus and blood. Such 
components carried along with the sample have a detrimental effect on the gas 
analyzer and measuring result. This is why the liquid components are often 
removed and collected from a gas sample upstream of the actual gas analyzer. 

25 

In prior known gas analyzers, e.g. U.S. Pat. Nos. 4,304,578 and 
4,382,806, water has been removed from a gas sample by using a water sepa- 
rator, provided with a water-separation chamber, which divides the flow into 
two partial flows in a manner that the main flow is sucked through a measuring 

30 sensor by means of a tube connected with the water-separation chamber and 
a many times smaller side flow is sucked continuously by way of a tube con- 
nected with the bottom section of said water-separation chamber into a water 
receiver for retaining therein the water contained in a gas sample and further 
on to a pump. However, this solution is not totally sufficient, since some of the 

35 liquid components may still find access to the measuring sensor along with the 
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gas sample. The response time of the gas analyzer may also increase be- 
cause of the internal volume of the water-separation chamber. 

It has also been known in the art. e.g. in U.S. Pat. No. 4,509.359. to 
5 use a moisture equalizing tube. In this case the analyzer is not usually fitted 
with an individual water separator but, instead, a sampling tube between a pa- 
tient and the gas analyzer as well as a tube between a sampling connector in 
the analyzer and a measuring sensor are made of a material which equalizes 
moisture of the gas inside the tube to be the same as that on the outside, so 
10 that water always tends to find its way towards the drier side, the moisture of 
the gas sample equalizing to be the same as the moisture of ambient air and 
no condensation occurs on the tube walls. 

This prior art solution has a fast response time but involves some 
15 serious drawbacks. The tube material is only capable of a limited transfer of 
water through the wall per unit time, whereby the water splashed from the tub- 
ing of a respirator, a patient's mucus or blood may end up in the measuring 
sensor. Dust in the air also finds its way to a measuring sensor and causes 
problems there. 

20 

Another improved fluid filtering device is described in U.S. Pat. No. 
5.657,750. The upstream end of the sampling tube is provided with a tubular 
housing containing a hydrophobic hollow fiber filter element. In order not to in- 
crease the response time of the gas analyzer the tubular housing must have 
25 small volume. It is possible that the device can handle a small amount of water 
but it is easily obstructed by mucus or blood. The device would then have to be 
replaced. This may happen quite often in critical care use and would decrease 
the cost-effectiveness of the device. 

30 In order to overcome the problems described above a special type 

of water separator was developed and the basic solution is described in U.S. 
Pat. No. 4,886,528. A passage, wherein a liquid component is separated from 
a gas flow, is divided into two sections by means of a gas permeable and liquid 
impermeable material. Thus a sample picked up from the exhalation air of a 

35 patient is delivered into the first passage of a water separator, from which the 
liquid component along with a minor amount of gas is sucked away, usually by 
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way of a water receiver. Most of the gas flow received in the first passage is 
sucked through the liquid impermeable material Into the second passage and 
further to a gas analyzer. This hydrophobic filter material prevents effectively 
the passage of liquid to the gas analyzer. In order to reduce flow resistance 

5 caused by the liquid impemneable material a certain contact area is necessary. 
To try to avoid an excessive increase in the response time of the gas analyzer 
the favored passages are kept narrow and elongated. The maximum cross- 
section area of a passage would preferably be close to that of the input conduit 
but in practice it is slightly larger for mechanical reasons. A larger Input pas- 

10 sage is e.g. less prone to clogging. 

The last described solution works well as water separator but it has 
a major influence on the response time of the gas analyzer. In fact, its contribu- 
tion to the response time is the most significant compared to the sampling line 
15 and the gas sensor with internal tubing. This is a drawback especially for an 
analyzer with low sample flow e.g. in neonatal gas measurement applications. 

SUMMARY OF THE PRESENT INVENTION 

20 An object of the present invention is to provide a liquid separator 

and a method by means of which the drawbacks of the prior art can be elimi- 
nated. This can be achieved . by means of the present invention. The invention 
is based on the idea according to which one or both of the passages in contact 
with a gas permeable and liquid impermeable filter are tapered in such a man- 

25 ner that the transit time for all measured molecules in a gas mixture are ap- 
proximately the same independently of their individual paths along the pas- 
sages. In other words the invention is for example characterized in that the 
output passage is arranged to widen towards the output end of the output pas- 
sage. 

30 

An advantage of the invention is that the response time of the gas 
analyzer is only slightly affected by the addition of a separate and well func- 
tioning liquid separator. Another advantage is that the solution is simple and 
easy to apply. 

35 

DESCRIPTION OF THE DRAWINGS 
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In the following, the invention will be described in more detail with 
reference made to the attached drawings, in which 

5 FIG- 1 shows the basic principle of a liquid separator in a gas ana- 

lyzer, 

FIG. 2 shows one embodiment of a liquid separator according to the 

prior art, 

FIG. 3 shows another embodiment of a liquid separator according to 
10 the prior art, 

FIG. 4 shows how the parameters of one embodiment are changed 
compared to the prior art when using a modified embodiment according to the 
invention, 

FIG. 5 shows the calculated delay time for a gas front after passing 
15 a liquid separator, 

FIG. 6 shows a second embodiment of a liquid separator according 

to the invention, 

FIG. 7 shows a third embodiment of a liquid separator according to 
the invention, 

20 FIG. 8 shows a fourth embodiment of a liquid separator according 

to the invention, and 

FIG. 9 shows a fifth embodiment of a liquid separator according to 

the invention. 

25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 shows the basic principle of a liquid separator in a gas ana- 
lyzer system. With liquid is usually meant water but it could also be any water 
containing substance like mucus and blood or it could be any liquid for which 

30 the liquid separator can be made functional. A gas sample is brought from a 
patient via a conduit or sample line 1 . The gas sample is divided into two par- 
tial flows by using a gas permeable and liquid impermeable and often hydro- 
phobic filter 2. The first flow portion is sucked by a vacuum means for example 
a pump 3 through the filter 2 into a conduit 4 and further to a measuring sensor 

35 5. The second flow portion is sucked by means of a vacuum means for exam- 
ple a pump through a conduit 6 into a liquid receiving means 7. The liquid re- 
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ceiving means 7 is connected to the pump 3 by a conduit 8. which is also pro- 
vided with a liquid impermeable hydrophobic filter 2, which prevents liquid flow 
from the liquid receiving means 7 through the conduit 8 to the pump 3. The 
conduit 8 is equipped with a flow-resisting element 9 upstream of pump 3. In 
5 this connection it must be understood that Fig. 1 is only an example. It is quite 
possible that a liquid separator is equipped with two pumps, i.e. one pump is 
used for conduit 4 and the other pump is used for conduit 8. It must further be 
understood that a liquid separator can be materialized also without any liquid 
receiving means. 

10 

Referring back to the flow-resisting element 9 it can be seen that the 
element can be used for adjusting the mutual relationship between flows oc- 
curring through conduits 4 and 8. The flow through conduit 8 is normally much 
smaller than the measurement flow through conduit 4, Its function is to prevent 
15 back-flow from the liquid receiving means 7 into conduit 4. This could disturb 
the gas mixture and increase the response time of the gas analyzer 10. As an 
example, if the total input flow in conduit 1 is 200 ml/min, the side flow through 
conduit 8 could be 25 ml/min. leaving 175 ml/min of gas flow for the gas sensor 
5. 

20 

In the following description only the part of the liquid separator af- 
fecting the response time of the gas sensor 5 will be discussed. This part is 
shown in Fig. 2. The input conduit 1 is connected to an elongated input pas- 
sage 1 1 , which ends in the conduit 6 of the liquid receiving means 7, The input 

25 passage 11 is surrounded by a gas permeable and liquid impermeable hydro- 
phobic filter 2. Concentric with this filter is the output passage 12, which ends 
in the conduit 4 with connection to the gas sensor 5. The passages are tubular 
in order to have large contact surface. This is essential for minimizing the flow 
resistance through the liquid separator. However, the response time is not op- 

30 timal as will become evident below. 

Another embodiment according to the prior art is shown in Fig. 3. 
The elongated passages are not concentric but they are semi-circular or rec- 
tangular in cross-section. The liquid impermeable hydrophobic filter 2 is a flat 
35 membrane in between the input passage 11 and the output passage 12. the 
membrane being a common surface to both passages. In order to save space. 
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the passages may be bent into a loop in the direction of the filter plane. How- 
ever, such bends will give a contribution to the response time. So will also 90 
degrees bends like 13 and 14 in the conduit connections. Such bends cannot 
always be avoided but the number of bends should be reduced to a minimum. 
The passages 11 and 12 will give a contribution to the response time of the 
gas sensor even if they are straight like in Figs. 2 and 3. This has to do with 
how fast the gas front is moving through the input passage 1 1 and further 
through the hydrophobic filter 2 to the end of output passage 12. What is 
meant with a gas front is a sudden change in the constituent of the gas to be 
measured. As the gas front travels along the input passage 1 1 , gradually more 
of its content is transferred to the output passage 12. It means that the flow ve- 
locity in the input passage 1 1 slows down when going along the passage. In 
the same manner the velocity of the gas front grows as it flows along the out- 
put passage 12. As a consequence, the delay time for the gas front within the 
passages will be different depending on where the gas molecules went 
through the filter 2. 

The behavior mentioned above is shown graphically in Fig. 4. Two 
graphs are shown together with the embodiment of Fig. 3. The prior art dimen- 
20 sions are drawn using dashed lines. Dashed lines are also used in the graphs 
for prior art results. The gas flow through the passages is indicated using dot- 
ted lines. Three positions for transfer from the input passage 1 1 to the output 
passage 12 through filter 2 are shown with reference to the graphs. The length 
of the passages 1 1 and 12 and the active portion of the filter 2 are essentially 
25 the same. In a simulation the input passage 1 1 had a hydraulic diameter of 1 .8 
mm and the diameter of the output passage 12 was 1 .5 mm as can be seen in 
the upper graph. The hydraulic diameter is the diameter of a cylindrical tube, 
equivalent in flow sense to a passage with a non-circular cross-section. The 
actual input passage was rectangular with the dimensions 3 x 1.5 mm and the 
30 output passage 3x1 mm. In the calculations it is easier to use the hydraulic 
diameter and the results are reliable enough. The passages 11 and 12 were 
38 mm long. The calculated flow delay time through the passages is shown in 
the second graph. The delay time curve has a minimum approximately halfway 
through the input passage 11. If the gas molecules are sucked through the hy- 
35 drophobic filter 2 at that point the total delay time of the passages is about 50 
ms. The flow value in conduit 1 was 150 ml/min and 20 ml/min in conduit 6. 



The delay time increases toward tlie ends of the passages. At the positions in- 
dicated it is about 70 ms. If the gas transfer through filter 2 happens at the in- 
put end of the passage 11 the delay is almost 100 ms. At the other end the de- 
lay is about 85 ms. The reason for this non-symmetry is the small side-flow 

5 through conduit 6 to the liquid receiving means 7. The side-flow actually 
speeds up the transfer time at the end of passage 1 1 because the flow velocity 
is higher than without this flow. The simulation was done using conventional 
flow physics like the Bernoulli's equation and the equations of continuity. The 
hydrophobic fliter 2 was simulated as a large number of small pipes between 

10 the input passage 11 and the output passage ,12. 

The next question is whether one could modify the liquid separator 
in order to control the delay time of the gas front. Surprisingly, it was possible 
to almost eliminate the excessive delay time at the input end by tapering the 
15 output passage 12 in the upstream direction at the input end 15, i.e. by forming 
the output passage 12 so that it has a widening profile extending from the input 
end 15 towards the output end 16 of the output passage 12. This is shown us- 
ing continuous lines in the embodiment of Fig. A and also in the graphs. The 
tapered portion ends at about half of the passage length but it could also ex- 
20 tent differently along the passage according to the demand of the calculation. 
In the same manner, the excessive delay time at the output end of the passage 
can be eliminated by suitably tapering the input passage 1 1 in the downstream 
direction at the output end 16. This is also shown in Fig. 4 using continuous 
lines, i.e. the input passage 1 1 has a narrowing profile extending along the in- 
25 put passage length and ending to the output end 16 of the input passage. The 
resulting smaller passage cross-section at the end 16 may affect the function- 
ing of the liquid reception through the conduit 6. In case of problems the ex- 
cessive delay time is anyhow smaller at this end of the passage so the taper- 
ing can be made smaller or the passage 11 can even be left unchanged. In 
30 fact, it is even possible to eliminate all the excessive delay time by tapering 
only the output passage 12. Its output end would then have to be tapered to a 
larger diameter than that of the unmodified passage in Fig. 4. Similarly, even if 
it might be less favorable, a reduction or elimination of the excessive delay 
time is also possible by tapering only the input passage 1 1 and leaving the 
35 output passage 12 unchanged. This is shown in Fig. 9. The tapered profile is 
nonnally thought of as being a lateral section along the passage so that the 
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height of the passage is modified. However, it is also possible to modify the 
width of the passage in a section parallel to the filter 2. Since this may increase 
the flow resistance It is normally preferable to modify only the height of the 
passage. The amount of tapering depends on the flow configuration. According 

5 to Fig. 4 it can be seen that the passages are tapered to about half of their hy- 
draulic diameters. This means that the cross-sectional area of the passage has 
been reduced to about one fourth of its unmodified value. Although even a 
small amount of tapering is beneficial it is preferable that the cross-sectional 
area of the passage changes at least by a factor of two. For the output pas- 

10 sage this means that the cross-sectional area widens by a factor of at least 
two. The opposite is true for the input passage if applied. If the passage Is ta- 
pered to zero the limits of tapering are difficult to define using area factors. In 
such a case the angle of widening is more well-defined. The upper limit of this 
angle depends on the length of the passage but is in practice about 30 de- 

15 grees or preferably less than 20 degrees. Similarly, the lower limit is about 0.5 
degrees or preferably more than 3 degrees. The angle may change along the 
passage as indicated e.g. in Fig. 9. _ _ . 

From the data in Fig. 4 it is possible to estimate the response time 
20 of a gas front flowing through the liquid separator. This is shown in Fig. 5. The 
relative signal is representative of the output from the gas sensor 5 measuring 
the change in a gas constituent, supposing no other delay factors are present. 
Again, the dashed line and the continuous line refer to the prior art and the 
modified solution according to the invenfion, respectively. There is a delay time 

25 of about 50 ms before the gas front starts to reach the output of the liquid 
separator. The following increase of the signal is a measure of how fast the re- 
acfion to a change in the gas front can be. It is assumed that the gas front inci- 
dent on the liquid separator is a step change in gas constituent, e.g. from 0% 
CO2 to 5% CO2 The rise fime is defined as the signal change from 10% to 90% 

30 of the maximum value. For the prior art the rise time is about 40 ms whereas it 
is reduced to only about 1 ms for the modified version. The inifial delay time of 
50 ms is related to the flow velocity and can be reduced using a narrower or a 
shorter passage. However, the induced rise fime contribution can almost be 
eliminated by suitably tapering one or both passages. 



35 
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The delay time of the gas front is dependent of the gas flow velocity 
as mentioned above. In the unmodified channel the flow velocity will decrease 
along the input passage. Similarly, the flow velocity will increase along the out- 
put passage as more and more gas penetrates the gas permeable filter 2. Both 
5 passages will thus create excessive delay. Ideally, by modifying one or both 
passages in such a manner that the flow velocity at any specific position along 
the passage is approximately similar in both input and output passages each 
gas molecule suffers the same delay independently of where it went through 
the filter 2, i.e. the gas transit time is the same for all measured gas molecules. 
10 If the output end of the input passage is tapered as described in Fig. 4 the ve- 
locity along the passage first drops like in the unmodified case and then starts 
to rise again because of the tapering. The optimal modification would make the 
velocity profile along the second half of the input passage equal to the velocity, 
profile of the second half of the output passage. Further, as a consequence of 
15 an optimal modification of the upper passage the velocity profile along the in- 
put end of the output channel is approximately similar to the velocity profile of 
the input end of the input passage, the complete velocity profiles along the 
two passages should in other words preferably be idenfical. This can also be 
achieved by modifying only one of the passages as shown in Fig. 9. However, 
20 the diameter of the passage may then have to be made excessively large with 
consequential influence on the rise time. Also, the total delay time of the gas in 
the liquid separator increases compared to the case when both passages are 
modified, even if the rise fime is equally well optimized in both cases. The op- 
fimal way of modifying the passages is to speed up the flow in portions where it 
25 is too slow. In Fig. 9 the flow velocity has been slowed down at the input end of 
the input passage to match the flow velocity at the input end of the output pas- 
sage and speeded up at the output end of the input passage to match the ve- 
locity at the output end of the output passage. The first part of this procedure 
results in an increase of the total delay time of the liquid separator. In practice 
30 a less opfimal modificafion may, however, be justified and sufficient consider- 
ing other sources of delay in the gas analyzer. 

The modification of the input and output passages can be accom- 
plished in different ways. At least one passage, preferably the output passage 
35 should be tapered as is shown in Fig. 6. Here the input passage is left un- 
changed and the side flow through conduit 6 reduces the contribution to the 



10 



rise time measured by the gas sensor 5. In tills embodiment the output conduit 
4 Is connected to the output passage 12 without bends. This Is an advanta- 
geous solution If It is mechanically possible to Implement because a bend al- 
ways has a contribution to the rise time of the system. In practice, the bend 

5 angle should preferably stay below about 30 degrees, the lower most prefer- 
able limit being above 0.5 degrees or, still better, no bend at all. For the same 
reasons the radius of curvature of the passage 1 1 and 12 should be more than 
about 5 times or preferably more than 10 times the hydraulic diameter of the 
unmodified passage. The most preferable factor would be very large, meaning 

10 a straight passage as in Figs. 4-8. The tapered part of the output passage 12 is 
preferably tapered only in one dimension but it can also be tapered in two di- 
mensions. If the contact area with the hydrophobic filter 2 is to be held un- 
changed, the height of the passage is modified like in the described embodi- 
ments. The important thing is that the hydraulic diameter is tapered. 

15 

The tapering can also be accomplished differently. In Fig. 7 the hy- 
drophobic filter 2 has been mounted In a tilted position between the passages 
1 1 and 12, i.e. the wall fomned by the filter 2 made of gas permeable and liquid 
impenneable material is positioned In angular position with respect to the longi- 
20 tudlnal directions of the input and output passages. This positioning automati- 
cally tapers the two passages along their whole length as can be seen in Fig. 
7. Together with the straight connections this embodiment is close to an opti- 
mal solution. 

25 In case the input passage 1 1 and output passage 12 are concentric 

tubes the tapered solution can be constructed like "in the embodiment of Fig. 8. 
The solution needs a hydrophobic filter 2 with a conical surface shape having a 
conical form narrowing towards the output ends of the input and output pas- 
sages 11, 12. Such a component may have to be specially made, but the solu- 

30 tion has the advantage of a large contact area between the two passages like 
In the prior art embodiment of Fig. 2. 

The velocity profile along the passages obviously depends on the 
specific modification of the passages. If e.g. the passage is tapered along its 
35 whole length like in Fig. 7 the gas flow velocity may even be constant along the 
passage. However, for an ideal solution it is sufficient that the velocity profiles 
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along both passages are identical. As mentioned earlier, to make the total de- 
lay time as short as possible it is advantageous to increase the flow velocity at 
positions where it nomnally is slowed down, e.g. at the output end of the input 
passage and at the input end of the output passage. This is equivalent to ta- 
pering the passages to a smaller dimension at those positions. 

The invention is by no means limited to the embodiments mentioned above but 
different details of the invention can be varied within the scope of the annexed 
claims. 



